A key issue in the assessment of hazard due to induced seismicity from fluid injection activity is to determine the potential ground motions. Although wastewater disposal typically receives the most attention, hydraulic fracturing is increasingly recognized as a significant source of seismic hazard. We present an analysis of the ground motions from the three largest events of 2014 that occurred along the deformation front marking the western boundary of the stable Canadian craton: an M 4.0 and an M 4.2 near Fort St. John (FSJ), British Columbia, and an M 3.9 near Rocky Mountain House (RMH), Alberta. The two FSJ events were likely induced by hydraulic fracturing activities in the region. Although the cause of the RMH event remains unclear, it is of interest because it is of similar magnitude to the other events and had significant consequences to the public. The event triggered an automatic shutdown of a nearby gas plant and a subsequent precautionary flaring of gas, and several hundred people were without power for a prolonged period. We examine the ground motions and intensities for these events. We find that ground motions at frequencies up to about 2 Hz are in agreement with corresponding observations for similar-sized events in California and with the predictions of applicable empirical ground-motion prediction equations. However, high-frequency ground motions appear to be lower than those predicted, suggesting that these events may be associated with a low stress drop; we believe that this is likely a focal depth effect, which may be a mitigating factor that limits high-frequency ground motions from induced events. Our preliminary findings suggest that moderate-induced events (M 4-5) may be damaging to nearby infrastructure, because the shallow focal depth may result in localized strong ground motions to which some infrastructure may be vulnerable; this is a particular concern in low-to-moderate seismicity regions, because seismic design measures for structures in these regions may be minimal. Our results highlight the importance of seismic monitoring in the immediate vicinity of fluid injection sites (both wastewater disposal and hydraulic fracturing) to accurately characterize injection-induced seismicity and ultimately mitigate the associated risk.
INTRODUCTION
An important contemporary issue for seismic-hazard assessment in eastern North America concerns the potential magnitudes and ground motions from events triggered by oil and gas activity. This paper summarizes the ground motions from three recent felt events of moment magnitude (M) ∼4 in northeastern British Columbia and western Alberta, which occurred between 30 July 2014 and 9 August 2014 in low-to-moderate seismicity regions east of the Rocky Mountains deformation front. We focus in particular on the implications of these events for potential ground motions from events induced by hydraulic fracturing, as ground motions are key to the assessment of hazard from induced seismicity. This issue is of particular importance in resource-rich regions of low-to-moderate hazard, because infrastructure in these regions may not have been designed to withstand strong ground motions, due to the low likelihood of strong shaking from naturally occurring events. The addition of a new source of hazard fundamentally alters the probability of experiencing strong ground motions, and the assessment of the potential ground motions is, therefore, critical to the evaluation of hazard and risk. Because the three events occurred close to the deformation front, they might reasonably be considered as either eastern or western events. Recent studies have shown that eastern and western motions are very similar at distances less than 50 km for events of the same magnitude, except at high frequencies (> 5 Hz) (e.g., Hassani and Atkinson, 2015) , so the distinction between eastern and western may not be critical. Moreover, there is also a potential difference in ground motions between induced and natural events that is likely related to focal depth and which may be a more significant factor (e.g., Atkinson, 2015; Hough, 2014) . Thus at this stage of our understanding, the motions from these events are of great interest, regardless of whether they are considered to be more nearly eastern or western in terms of their tectonic setting.
Most attention on induced-seismicity hazard to date has focused on events triggered by deep disposal of fluids, as this appears to be the most common induced-seismicity trigger, and has recently been associated with events as large as M 5.7 (Ellsworth, 2013; Keranen et al., 2013; Sumy et al., 2014) . However, there is increasing awareness of the potential of hydraulic fracturing to induce significant seismicity. Moreover, the largest reported events of this type continue to grow in magnitude. As of 2012, empirical evidence suggested that hydraulic fracture treatments had limited potential to induce significant events, as the largest known event was an M 2.8 event near Blackpool, England (U.S. National Research Council, 2012) . Subsequently, several larger events have been triggered by hydraulic fracturing. In 2011, a series of dozens of events was triggered by hydraulic fracture treatments that reactivated previously unknown faults near Horn River, northeastern British Columbia; the largest event of the sequence was M 3.6-3.8 (B.C. Oil and Gas Commission, 2012). The size of the triggered events at Horn River was thought to be very unusual until December 2013, when a new sequence of dozens of hydraulic-fracture-induced events of M ∼ 3 was initiated in the Crooked Lake region of western Alberta (a few hundred kilometers west of Edmonton, Alberta) (Novakovic et al., 2014; Atkinson et al., 2015;  for catalog information see www .inducedseismicity.ca; last accessed March 2015). Until very recently, the largest event of that sequence was of magnitude M 3.5; then, on 23 January 2015, an event of M > 4 (M L 4.4) occurred (which we are currently analyzing).
In August 2014, a series of events was initiated by hydraulic fracturing in the Montney formation near Fort St. John (FSJ, eastern British Columbia), the largest of which was an M 4.2 event on 4 August 2014 (Fig. 1) . This event was preceded by an M 4.0 event in the same location on 30 July 2014. The two FSJ events were recorded by a sparse seismographic network, at distances from 15 km to several hundred kilometers. By coincidence, an event of similar size (M 3.9) occurred a few hundred kilometers away, near Rocky Mountain House (RMH) in western Alberta, on 9 August 2014. The RMH event is not believed to be related to hydraulic fracturing. Its origin is unclear as of yet; it may be related to fluid injection or gas withdrawal, or it may be natural. Regardless of its cause, the RMH event is important because it was recorded by a denser network over a wide range of distances and is similar in magnitude to the hydraulicfracture-induced events. The additional ground-motion information provided by the M 3.9 RMH event, when combined with the data from the FSJ events, enables a robust analysis of the ground-motion implications of these moderate events.
In this paper, we use the recordings from these three recent M ∼ 4 events to examine the ground motions and their attenuation with distance. The M 4.2 event is of particular interest, as it is the largest hydraulic fracturing related event to have been triggered in the world to date, to our knowledge. (As of 23 January 2015, this magnitude may have been exceeded by an M L 4.4 event near Crooked Lake; the moment magnitude of the Crooked Lake event is currently under investigation.) Figure 1 shows the location of the three study events and seismographic stations in relation to the regional seismicity. Table 1 summarizes the event locations and alternative magnitude estimates. The alternative magnitudes include the catalog local magnitudes (M L ) according to the Geological Survey of Canada (GSC), and the moment magnitudes as estimated using three different methods. The moment magnitude estimation methods include the simulation-based algorithm of Atkinson et al. (2014) , the empirically calibrated regional estimation method of Atkinson and Babaie Mahani (2013) , and the regional moment tensor (RMT) solution. We have two alternative RMT solutions for two of the events; one was provided by the GSC (Honn Kao, personal comm., 2014), and we computed the other using software provided by R. Herrmann (St. Louis University). The alternative moment magnitude estimates agree well with each other, yielding our preferred magnitude estimates of M 4.0, 4.2, and 3.9 for the 30 July, 4 August, and 9 August events, respectively.
THE STUDY EVENTS AND GROUND MOTIONS
The accuracy of event locations is of particular importance when trying to determine potential causes for an event. Using the approach of Peters and Crosson (1972) , it is possible to estimate the expected location error for an event from the station geometry. Based on available stations, we believe the location accuracy is on the order of 5 km for the FSJ events and is approximately 2 km for the RMH event.
The events of M 4.0 and 4.2 near FSJ are very likely to have been induced by hydraulic fracturing, based on focal depth, proximity to wells, and information made available in personal communications to the authors. These events occurred at shal- low depth (∼2-5 km, according to poorly constrained RMT solutions) and were felt to distances of more than 200 km, with maximum reported intensities of IV-V for the larger event.
There is one water disposal well in the area, but it is located a significant distance (∼12 km) from the epicenters of the 30 July and 4 August events and has not been previously associated with induced events, despite having been in operation since 2009. The cumulative volume injected to date is 136; 874 m 3 (according to information publicly available through information filed with the Alberta Energy Regulator). Monthly water injection volumes at this well were reduced significantly beginning in January 2013, and this, in combination with the distance, greatly reduces the likelihood of injection operations as the trigger for the events in question. Assuming the events were induced, the trigger was most likely related to well stimulation operations that appear to have been in progress at the time of the events. It is possible, however, that a combination of factors was involved (e.g., the slight increase in pore pressure due to the disposal well at distance made the faults near the hydraulic fracture operations more prone to slip).
Multistage hydraulic fracture treatments of horizontal completions have been used to develop natural gas resources in the Triassic Montney Formation in the immediate region of the FSJ events since 2010. The horizontal completions are typically 1500 m long and are stimulated by hydraulic fracture in eight or nine stages. A single stage treatment typically requires 8-12 hr, with average-injected water volumes of ∼820 m 3 per stage for nitrified slickwater systems (Johnson and Johnson, 2012) . Following the hydraulic fracture treatment, the well moves into production phase (and no further hydraulic fracture stimulation is conducted). Three wells are producing gas from the Montney Formation in the immediate vicinity of the epicenters, and six wells completed drilling prior to the 30 July M 4.0 event; a seventh well was being drilled at the time of both events. The perforation and treatment records for the 2014 wells were not available at the time of writing, but there is a high probability that the wells received hydraulic fracture treatments similar to other Montney gas wells in the field, during a time period consistent with the occurrence of the events. The 9 August M 3.9 event near RMH, the strongest event to occur in Alberta in more than a decade, is ambiguous in origin.
Its focal depth is poorly constrained, with RMT solutions suggesting depths near 4 km but possibly as deep as 8 km. This area experienced induced seismicity in the 1980s that has been associated with volume changes at depth due to gas extraction (Baranova et al., 1999) , but this activity has been in decline since the 1990s. Unlike the FSJ area, there are no records of recent oil and gas drilling and stimulation operations in the RMH area. However, two active water disposal wells are located 1700 and 3600 m from the event epicenter (according to information on file with the Alberta Energy Regulator). The closer of the two (KEYSPAN STRACHAN 6-33-37-9W5) was installed in 1971 and has injected a cumulative volume of over 3 M m 3 (19 million barrels) of formation brine into the Devonian Leduc Formation at 4275-4295 m depth; recent injection rates average 120 m 3 per day. Operations in the other disposal well (HUSKY STRACHAN 10-30-37-9W5) began in mid-2013, with a cumulative injection of 110; 000 m 3 (690,000 barrels) into the Devonian Wabamun Formation at 3795-3900 m depths. Injection rates are approximately twice those of the 6-33 well, but the cumulative volume to date is lower.
The M 3.9 RMH event was felt strongly by nearby residents, with a maximum reported intensity of IV-V. It caused a power outage that lasted for several hours, because the ground motions were sufficient to trip a substation in the epicentral area (Global News, 2014) . A nearby gas plant automatically shut down and flared gas as a precautionary measure, and minor secondary effects were experienced at power plants throughout the region.
We examine the ground motions from these three similarsized events using high-quality three-component broadband seismographic data from the TransAlta/Nanometrics regional network (TA network), the northeastern British Columbia network of the Pacific Geoscience Center (NBC), the Alberta Geological Survey (AGS), and the Canadian National Seismographic Network (CNSN). (There are no available strong-motion stations in the region.) We processed the time series as described in Assatourians and Atkinson (2010) . Briefly, the velocity time series are corrected for glitches and trends, then filtered and corrected for instrument response in the frequency domain. Differentiation to generate acceleration time series is done in the frequency domain before conversion back to the time domain. Notes: The three M estimates were obtained using the algorithms of Atkinson et al. (2014, AGY14) , Atkinson and Babaie Mahani (2013, AB13) , and a regional moment tensor (RMT) solution; RMT solutions are from the Geological Survey of Canada (GSC) (H. Kao, personal comm., 2014) and Nanometrics (NMX) (computed by the last author). The local magnitude from the GSC (M L ) is also given. *Our preferred value of magnitude is given in bold.
Peak ground velocity (PGV) and peak ground acceleration values are found from peak amplitudes of instrument-corrected time series, and pseudospectral accelerations (PSAs, 5% damped) are calculated from the corrected acceleration time series following the Nigam and Jennings (1969) formulation for the computation of response spectra. The results of the processing procedures were validated against other standard processing software, as described in Assatourians and Atkinson (2010) . Figure 2 provides an overview of the vertical-component 1 Hz PSA values from the three events in comparison with the simulation-based ground-motion model of Atkinson et al. (2014) (also for the vertical component), from which the moment magnitudes were determined (Table 1) . To place the observations in a broader ground-motion context, recorded PSA 1 Hz amplitudes from the Next Generation Attenuation (NGA)-West 2 database in California, for events of similar magnitude, are also shown, along with a recent ground-motion prediction equation (GMPE) developed for such events from this database (Atkinson, 2015 , hereafter referred as A15). Note that the distance metric for all observations, and for the plotted GMPEs, is hypocentral distance. It is apparent that the recorded motions are generally consistent with expected amplitudes for events of similar size in California.
The NGA-West 2 data and the A15 GMPE are actually for the geometric-mean horizontal component but both are corrected to a reference boundary site condition of B/C (V S30 760 m=s, in which V S30 is the time-averaged shearwave velocity over the top 30 m), using site-amplification factors that were derived from the NGA-West 2 database (see Boore et al., 2014) . This correction to the B/C site condition removes much of the site amplification effects that cause the horizontal-component amplitudes to exceed those of the vertical component. Thus, the site-corrected horizontal motions can be reasonably compared with vertical-component motions as a first approximation. Such an approximation neglects a modest amplification that would be expected on firm sites (B/C) on the horizontal component, relative to the vertical, due to travel through the crustal velocity gradient. As discussed by Atkinson and Boore (2006) , we would expect this factor to be approximately unity at low frequencies and to increase gradually with frequency to a value near 2 for high frequencies, with the details of this function depending on the velocity profile and the near-surface kappa (attenuation). We do not attempt to make any correction for this in the comparison plots in Figure 2 , because we expect the horizontal-to-vertical (H/V) ratio at most sites should be near unity at 1 Hz based on preliminary evaluations, and thus Figure 2 is relatively unaffected by this issue. A detailed study of site amplification characteristics at these stations is underway and will be the subject of a future paper.
In Figure 3 , we compare the horizontal-component motions (both components are plotted) for all three events, in comparison with the A15 GMPE. We converted the A15 predictions for B/C site conditions to equivalent values for National Earthquake Hazards Reduction Program (NEHRP) D sites with V S30 from 250 to 300 m=s range, assuming the site amplification model of Boore et al. (2014) . The assumption of site class D as an average condition reflects our limited knowledge of the sites-we believe most of them to be situated on soil, ranging from soft to firm, but investigations of the site response characteristics are ongoing. The instruments in the TA network from which most of the data are derived are posthole seismometers, which are driven to a depth of firm resistance, typically a few meters. A generic description of "firm soil" might thus apply to most of these sites. We assume linear site amplification, though we recognize that at close distances the motions may have been strong enough to cause some minor nonlinearity in response. The resulting amplification factors applied to the A15 GMPE are 3.1, 2.2, and 1.5 for frequencies of 0.5, 3.3, and 10 Hz, respectively.
Based on inspection of Figure 3 , there are several sites, located at 200-400 km distances from the FSJ events, that may have very significant site amplification, especially at lower frequencies (the very high amplitude points). These are the northernmost NBC stations and the CNSN HILA station. For these stations, the horizontal ground motions are significantly larger than predicted by the A15 GMPE. At distances less than 100 km, the motions tend to be lower than those predicted by the A15 GMPE, especially at high frequencies, if we assume D soil conditions on average. This could reflect stress drops that are lower than the average implied by the A15 model and/ or possibly lower levels of site response than those assumed. Resolution of this issue will require further studies of both event and site characteristics.
To investigate whether a low stress drop may be responsible for the relatively low 10 Hz amplitudes of ground motion seen at < 100 km in Figure 3 , the response spectra are examined as a function of frequency using nearby records only (Fig. 4) . For each event, the closest station is in the 12 to 18 km hypocentral distance range. We compare the observed spectra with the A15 empirical GMPE model for California. We show both the horizontal and vertical components in this plot to provide some insight into the possible influence of site effects. Note that the A15 model spectrum might be expected to agree more closely with the vertical than the horizontal components, because the A15 model is for B/C site conditions and thus represents only a modest level of site amplification. We also compare the spectra ewith a calibrated simulation model for M 4 events in California; the simulation model was developed by Yenier and Atkinson (2014, hereafter referred as the YA14 model) using an equivalent point-source stochastic model, for which parameters were calibrated against the NGAWest 2 database. Based on the consistently low amplitudes at f > 2 Hz relative to the A15 or YA14 models as seen in Figure 4 , we infer that these three events had a significantly lower stress drop than is typical for natural events in California of similar magnitude. Even if we assume the observed horizontal components were not amplified relative to the model expectations for B/C site conditions, we would still conclude the high-frequency amplitudes are low relative to those predicted. However, this conclusion is based only on examination of the spectra from the closest station, which may not be representative of the overall source properties of the events.
To check if our inference regarding the low stress drop of the three events is robust, we take all vertical-component spectra ▴ Figure 3 . Horizontal-component PSA for frequencies of (top) 0.5, (middle) 3.3, and (bottom) 10 Hz for the three study events (M 4.0 and M 4.2 near Fort St. John [FSJ] , M 3.9 near RHM), in comparison with the A15 GMPE (D site conditions) for the corresponding magnitudes. The assumed site amplification factors for the A15 GMPE, to convert from B/C to D site conditions, are 3.1, 2.2, and 1.6 for frequencies 0.5, 3.3, and 10 Hz, respectively. for each event within 300 km, to provide a larger set of records, and correct them to an equivalent hypocentral distance of 10 km using the A15 attenuation model (i.e., the attenuation curve plotted in Fig. 2) . We use the vertical component to minimize the influence of site response. The average of the distance-corrected spectra gives us a more robust estimate of the near-source spectrum than can be obtained from a single station. Figure 5 shows the apparent source spectra in comparison to the A15 empirical GMPE spectrum and the YA14 simulation model spectrum (both for M 4 and at 10 km). Because both the A15 and YA14 models are for the horizontal component (B/C sites), we convert them to the equivalent model spectra for the vertical component by dividing by the expected amplification on the horizontal component for B/C site conditions, following the crustal-amplification model of Atkinson and Boore (2006) . Thus, the model spectra correspond to the vertical component for B/C site conditions. To be consistent with the plotting of the vertical-component model spectra for B/C site conditions, we also made a correction to the observed vertical-component spectra, such that they will also apply to B/C site conditions; this implicitly assumes that although site response is less on the vertical than on the horizontal component, it is not entirely absent. For this correction, we use the site amplification model of Stewart et al. (2015) for the vertical component. We assume an average site condition for the stations of NEHRP D, with V S30 in the 250-300 m=s range. Therefore, we divide the verticalcomponent spectrum inferred for each event by the verticalcomponent amplification for D relative to B/C (from Stewart et al., 2015) ; this is a factor that ranges from about 1.8 at low frequencies to about 1.3 at high frequencies.
▴
In Figure 5 , the inferred source spectra of the events appear to be close (within a factor of ∼1:5 ) to those predicted by the model spectra. This suggests the ground motions were comparable with those for events of similar size in the NGA-West 2 database. There is some evidence that the M 3.9 RMH event is slightly enriched in high frequencies relative to low frequencies in comparison with the two FSJ events. This indicates a somewhat higher stress drop for the RMH event. Note the predominant microseismic noise peak near 0.3 Hz for the FSJ events, which contaminates the source spectrum at low frequencies and may have led to elevated amplitudes over a broad frequency range.
Considering all three inferred event spectra at R hypo 10 km, the high-frequency amplitudes appear to have similar spectral shapes and high-frequency amplitudes to those predicted for typical California events, on average. We should note the standard error of the estimated source spectrum is very high for the two FSJ events (factor of 4) due to the sparse observations and their large variability. The source spectrum for the RMH event is better determined, with amplitudes having a standard error of about a factor of 2. (Standard errors are not plotted, to avoid cluttering the figure.) On balance, Figure 5 suggests the stress drops for the three events are in reasonable agreement with values expected for California earthquakes of this size. This conclusion is in contrast to that reached from examination of Figure 4 , in which we considered just the nearest stations. The reason for this discrepancy is apparent from inspection of Figure 3 : in general, the motions from these events appear to be low relative to predictions for short distances but agree well with model predictions at regional distances. Thus, the stress drop of these events is not well resolved, and our conclusions depend on the relative weight that we accord to the sparse data at close distances. More definitive conclusions on stress drops will require additional datasets with richer close-distance recordings.
We might expect these events to have low stress drops due to their shallow focal depths. A recent study by Yenier and Atkinson (2015a) shows that stress drop is a function of focal depth, with the dependence of stress on focal depth being strongest for small events; moreover, the relationship between stress and depth as obtained from natural earthquakes appears to explain the typical stress drops obtained from induced events in the central United States (Yenier and Atkinson, 2015b) . Additional studies of ground-motion data from induced events are needed to corroborate these findings, but we currently believe that induced events have lower stress drops on average than do natural events, due to their shallower-than-average focal depths. We note that Hough (2014) has also suggested that induced events may have low stress drops, based on an analysis of intensity observations from induced versus natural events.
Figures 6 and 7 provide an aerial perspective on the ground motions, in the form of maps that contour the intensity of the motions for the 4 August FSJ and 9 August RMH events. These maps are based on inferred intensities from predicted and recorded PGV and from felt reports made to the GSC through their online reporting tool (which is based on the "Did You Feel It" survey of Wald et al., 1999) ; events were felt to distances of ∼200 km. A coarse grid is first defined over the map area at the integer latitude-longitude points. For each grid point, PGV is calculated using the empirical GMPE of Atkinson (2015) developed for small-to-moderate events, for the event M and hypocentral distance. At seismographic sites (exact coordinates), PGV is calculated from the geometrical mean of the three PGV components. Then intensities associated with these two sets of PGV values are calculated following the Worden et al. (2012) equations, including the terms in magnitude and distance (equation 6 in Worden et al.) . These intensities are merged with the felt intensity reports (at their exact coordinates) to form the revised (unevenly spaced) grid of intensity points. Interpolation of these intensities over the map area is based on fitting minimumcurvature surfaces that pass through all tabulated intensity points following Smith and Wessel (1990) (no weighting of the points is performed). The patch of higher observed horizontalcomponent motions in northern British Columbia that was noted in Figure 3 can be clearly seen in the intensity distribution, as can the influence of the felt intensity points.
SUMMARY AND CONCLUSIONS
We presented an overview of the ground motions recorded during three recent of events of M ∼ 4 in western Alberta and northeastern British Columbia. The events near FSJ are believed to have been induced by hydraulic fracture treatments and include one of the largest hydraulic-fracturing-induced event to date in the world, to our knowledge (M 4.2-4.4). A second apparent M L 4.4 event was initiated by hydraulic fracturing near Fox Creek, Alberta, on 23 January 2015, as this article was going to press. The M 3.9 event near RMH is enigmatic in origin; it may have been induced by wastewater injection or gas extraction, or it may be natural. All three events were widely felt and had the potential to affect infrastructure, if located in close proximity. The largest of the events appeared to produce potentially damaging motions as indicated by predicted epicentral intensities of approximately VI. The smallest of the events produced ground motions large enough to trip a nearby transformer and cause a power outage, illustrating the potential of even small events to cause significant ground motion.
The ground-motion amplitudes from these three events are in reasonable accord with predicted amplitudes for events in California of a similar size, as given by empirical models for small-to-moderate events (Atkinson, 2015) or by simulationbased models . There is some evidence, in the form of relatively low high-frequency amplitudes on the closest stations, for lower-than-average stress drops for these events in comparison with events of similar size in California. This evidence is not clear-cut, because if we consider stations at regional distances, we reach a different conclusion. We believe that induced events may tend to have lower stress drops on average than natural events due to a focal depth effect. Recent evidence shows that stress drop depends on focal depth, especially for small-to-moderate earthquakes (Yenier and Atkinson, 2015a) . Further study of ground motions from induced events is required to better document the range of motions that can be expected at close distances and their damage potential. Our preliminary findings suggest that moderate-induced events (M 4-5) may be damaging to nearby infrastructure, because the shallow focal depth brings the earthquake source very close to surface facilities located within a small radius of the epicenter. This may result in localized strong ground motions, to which some infrastructure may be vulnerable-particularly in low-to-moderate seismicity regions, where seismic resistance of infrastructure may be limited. However, a mitigating factor is that the shallow depth may result in low stress drops on average, thereby limiting high-frequency motions. More detailed studies of the interaction between factors controlling the ground motions and their damage potential requires improved seismographic monitoring with broadband three-component sensors in the immediate vicinity of both hydraulic fracture and fluid injection sites, and strong-motion monitoring of nearby infrastructure.
